Journal  of  Power  Sources  273  (2015)  716-723 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


JOUHNAL  OF 


IHomahmol  Journal  on  Via  Soonoa  and  Tachnotow 

o*  Uatlary.  t  uM  CM  and  otfiaf  LHCUoentmc*  8yM»nw 


Sulfur  and  carbon  tolerance  of  BaCe03— BaZr03  proton-conducting 
materials 

D.  Medvedev  ,  J.  Lyagaeva  ,  S.  Plaksin  ,  A.  Demin  ■  ,  P.  Tsiakaras  ■  ’ 

a  Laboratory  of  Electrochemical  Devices  Based  on  Solid  Oxide  Proton  Electrolytes,  Institute  of  High  Temperature  Electrochemistry, 

Yekaterinburg  620990,  Russia 

b  Department  of  Mechanical  Engineering,  School  of  Engineering,  University  of  Thessaly,  Pedion  Areos,  Volos  383  34,  Greece 


CrossMark 


HIGHLIGHTS  G 


•  BCZYx  ceramic  materials  were  ob¬ 
tained  by  citrate-nitrate  combustion 
method. 

•  The  stability  of  BCZYx  against  H20-,  ^ 

C02-  and  H2S-containing  atmo-  \ 

spheres  was  evaluated  .  C/D 

•  30  mol.%  of  Zr  in  BaCe03-based  sys-  + 

tern  guarantees  the  good  tolerance  J 

properties. 

•  BCZY0.3  exhibited  acceptable  con¬ 
ductivity  in  different  atmospheres. 


RAPHICAL  ABSTRACT 


0.8  0.9  1  1.1  1.2  1.3 

1000/T/K-1 


ARTICLE  INFO 


ABSTRACT 


Article  histoiy: 

Received  21  June  2014 

Received  in  revised  form 

19  August  2014 

Accepted  16  September  2014 

Available  online  26  September  2014 


Keywords: 

BaCeC>3 

BaZr03 

Perovskite 

Proton-conducting  electrolyte 

Phase  stability 

SOFC 


In  the  present  work,  BaCeo.8-xZrxYo.203_5-based  ceramic  samples  (BCZYx)  are  prepared  and  their 
chemical  stability  in  corrosive  atmospheres  containing  high  concentrations  of  H20,  C02  and  H2S  is 
investigated.  Based  on  both  the  fresh  (not  exposed)  and  the  treated  (exposed  to  corrosive  atmospheres) 
samples,  the  estimation  of  the  tolerance  degree  is  obtained  by  determining  the:  i)  phase  structures,  ii) 
unit  cell  parameters,  iii)  surface  microstructures,  and  iv)  electrical  conductivities.  Fresh  ceramics  is  found 
to  be  single-phased  in  the  whole  range  of  x.  It  is  also  found  that  all  the  treated  materials  exhibit  good 
chemical  stability  in  the  water  vapor  atmosphere,  whereas  the  samples  with  0  <  x  <  0.2  and  0  <  x  <  0.3 
are  not  single-phased  in  pure  C02  and  10%  H2S/Ar,  respectively.  The  analysis  of  crystal  structure  and 
transport  characteristics  of  the  treated  BCZY0.3  samples  is  shown  a  weak  deviation  of  unit  cell  param¬ 
eters  and  no  degradation  in  electrical  conductivity.  For  fresh  BCZY0.3  the  transport  nature  in  various 
atmospheres  is  evaluated.  At  600  °C  the  BCZY0.3  exhibits  conductivity  of  2.7,  4.0, 1.7  and  3.7  mS  cm-1  in 
air,  wet  air,  hydrogen  and  wet  hydrogen  atmospheres,  respectively.  Based  on  the  obtained  results, 
BCZY0.3  can  be  considered  as  a  perspective  proton-conducting  material  having  reasonable  transport  and 
tolerance  properties. 
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1.  Introduction 

High  temperature  proton  conductors  (HTPCs)  constitute  a 
unique  class  of  oxide  materials  possessing  both  protonic  as  well  as 
oxygen-ion  conductivity  in  H2  and  H2O  containing  atmospheres 
[1-4  .  Such  exceptional  properties  underpin  the  potential  appli¬ 
cation  of  HTPCs  in  a  wide  range  of  solid  oxide  electrochemical 
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devices,  such  as  hydrogen  sensors,  pumps,  reactors,  oxygen  and 
hydrogen  permeable  membranes,  electrolyzes  and  fuel  cells  [3-8]. 

Currently,  proton  conductors  are  being  extensively  used  as 
electrolytes  for  solid  oxide  fuel  cells  (SOFCs).  It  has  been  theoreti¬ 
cally  predicted  and  experimentally  confirmed  that  the  efficiency  of 
the  SOFCs  based  on  proton-conducting  materials  exceeds  that  of 
the  SOFCs  based  on  unipolar  oxygen-conducting  electrolytes  and 
can  amount  to  80%  [9]. 

Numerous  research  works  have  shown  that  a  high  level  of 
protonic  conductivity  was  achieved  for  BaCe03  and  BaZr03  doped 
oxides.  However,  there  are  serious  drawbacks  limiting  the  potential 
use  of  such  compounds  [1,8,10]:  i)  the  high  level  of  grain  boundary 
resistance  as  a  part  of  total  resistance  prevailing  for  materials  on 
the  base  of  BaZr03,  ii)  the  extremely  high  sintering  temperatures 
required  for  dense  ceramic's  formation,  and  iii)  the  insufficient 


thermodynamic  stability  of  BaCeCU-based  systems  against  H2O, 
CO2  and  H2S: 

BaCe03  +  H20- 

-+Ba(OH)2  +  Ce02, 

(i) 

BaCe03  +  C02  — 

BaC03  +  Ce02, 

(2) 

BaCe03  +  H2S- 

*BaS  +  H20  +  Ce02. 

(3) 

The  first  two  problems  can  simultaneously  be  solved  by  adding 
small  amount  of  sintering  additives  to  the  initial  precursors 
[11-13  ,  whereas  a  significant  enhance  of  stability  of  barium  cerate 
is  realized  through  partial  substitution  of  host  ions  with  elements 
possessing  more  acidic  properties  (for  example,  In3+,  Ti4+,  Nb5+) 
[14-18  .  Unfortunately,  such  modification  of  BaCeCU  inevitably 
leads  to  a  decrease  in  its  ionic  conductivity  due  to  the  structure 
changes  of  AB03  perovskites  (lattice  free  volume  decreasing  or 
narrowing  of  B-0  bond  length)  [8  . 

Zirconium  can  be  considered  as  one  of  the  most  suitable  dop¬ 
ants  for  BaCeCU  systems,  because  Zr-introduction  has  a  less  dra¬ 
matic  effect  on  conductivity  deterioration  and,  at  the  same  time,  a 
considerable  enhancement  of  materials'  thermodynamic  stability 
[1,6,8].  Moreover,  BaCe03  and  BaZr03  form  a  wide  range  of  solid 
solutions,  that  prevent  the  appearance  of  undesirable  phase(s)  in 
the  case  of  high  substitution  level  1,8  . 

From  these  viewpoints,  much  research  in  the  recent  years  has 
focused  on  the  development  of  new  HTPCs  based  on 
BaCe03-BaZr03  solid  solutions  [19-22  .  However,  there  are 
considerable  disagreements  concerning  the  optimal  concentration 
of  zirconium  required  for  acceptable  stability  and  sufficient  con¬ 
ductivity  of  mixed  BaCeC^-BaZrCU  systems  [8].  Probably,  the  dif¬ 
ferences  in  the  results  of  stability  associated  with  the  various 
testing  experiments  (gas  concentration,  temperature,  soaking  time) 
and  the  nature  and  concentration  of  dopant  or  co-dopants.  Mostly, 
the  investigation  of  materials  stability  is  limited  by  the  experi¬ 
mental  methods  (X-Ray  diffraction  analysis  or  thermogravimetry) 
without  the  use  of  theoretical  ones  (for  example,  thermodynamic 
calculations).  Thus,  it  is  interesting  to  verify  the  stability  of  cerate- 
zirconate  materials  in  various  corrosive  atmospheres,  but  at  other 
conditions  being  equal  (temperature  and  soaking  time),  as  well  as 
to  compare  these  data  with  those  obtained  from  the  thermody¬ 
namic  calculations. 

The  present  work  focuses  on:  i)  the  synthesis  features  of 
BaCeo.8-xZrxYo.203_§  +  1  wt.%  CuO  or  C03O4  (BCZYx;  0  <  x  <  0.8, 
Ax  =  0.1)  ceramic  samples  and  ii)  the  thorough  evaluation  of  zir¬ 
conium  substitution  effect  on  their  structure,  phase  stability 
properties  and  electrical  characteristics. 


2.  Experimental 

Among  the  others,  the  effect  of  zirconium  content  on  the 
physical,  structure  and  stability  properties  of  a  new  proton¬ 
conducting  perovskite  series  of  BaCeo.8-xZrxYo.203_§  +  1  wt.% 
MOn  (MOn  =  CuO  for  0  <  x  <  0.5  or  C03O4  for  0.6  <  x  <  0.8)  has  been 
investigated  in  the  present  study.  The  copper  and  cobalt  oxides  as 
sintering  additives  were  selected  on  the  basis  of  our  preliminary 
studies  from  the  viewpoints  of  both  ceramics  densification  data 
(not  present  here)  and  its  relatively  high  solubility  in  the  perovskite 
structure  in  contrast  to  nickel  or  zinc  [8].  The  prepared  materials 
were  designated  as  BCZYx. 


2.2.  Powders  and  ceramics  preparation 

BCZYx  samples  were  prepared  by  a  modified  version  of 
citrate-nitrate  combustion  synthesis  with  subsequent 
decomposition  of  organometallic  complexes  at  high  tempera¬ 
tures.  Prior  to  the  synthesis,  the  starting  materials  (Ba(N03)2, 
Ce(N03)3-6H20,  Y(N03)3-6H20,  CuO,  C03O4  and  citric  acid,  with 
purity  no  less  than  99.5%),  were  thoroughly  mixed  and  dissolved 
afterward  in  a  solution  containing  stoichiometric  required 
amounts  of  zirconium  oxynitrate  and  glycerin.  Citric  acid  and 
glycerin  were  chosen  as  chelating  and  complexing  agents  with 
the  appropriate  molar  ratio  to  metal  nitrates  (0.5: 1.5:1,  respec¬ 
tively).  The  as-obtained  solutions  were  heated  and  stirred  at 
100  °C  for  0.5  h  with  subsequent  addition  of  ammonium  hy¬ 
droxide  to  ensure  pH  at  the  level  of  8-9.  The  final  solution  was 
again  heated  at  250  °C  to  evaporate  the  excess  water  and  assist  in 
foaming  of  a  viscous  gel,  which  was  eventually  autoignited.  The 
obtained  gray  (for  low  Zr  content)  or  black  (for  high  Zr  content) 
powders  were  subsequently  fired  at  700  °C  (1  h)  in  air  to  remove 
organic  residue,  and  then  the  light-colored  ones  were  calcined  at 
1150  °C  (5  h)  to  form  single-phase  products.  The  powders  were 
milled  in  a  planetary  mill  (Fritsch  Pulverisette  6)  for  1  h  at 
250  rpm,  uniaxially  pressed  into  the  pellets  under  4  ton  cm-2 
and  then  sintered  at  1450  °C  for  5  h. 


2.2.  Materials  characterization 

The  calcined  powders  were  examined  by  X-ray  powder 
diffraction  analysis  (XRD,  D/MAX-2200  RIGAKU)  using  CuKai  ra¬ 
diation  at  room  temperature  in  ambient  air.  The  scans  ranged 
between  20°  <20  <  90°  with  an  interval  of  1°  min^1.  The  identi¬ 
fication  of  the  materials'  phase  composition  and  crystal  structure 
were  performed  according  to  the  Joint  Committee  on  Powder 
Diffraction  Standards  data  file  by  employing  MDI  Jade  6  software. 
Since  the  material's  structure  changes  from  orthorhombic  sym¬ 
metry  to  cubic  one  with  increasing  x  in  BCZYx,  the  pseudocubic 
lattice  parameter  was  used  for  comparison  between  the  different 
samples.  The  pseudocubic  lattice  parameter  was  found  as: 

^pseudocubic  =  (fl-fi-c/4)  ^  ,  ^pseudocubic  =  (U2C*a/ 3/12)  ^  and 

^pseudocubic  =  a  for  orthorhombic,  rhombohedral  and  cubic  struc¬ 
tures,  respectively.  The  dimensions  of  the  sintered  ceramics  were 
measured  before  and  after  sintering  to  follow  the  shrinkage  and 
density  characteristics.  In  addition,  the  geometric  density  of  ce¬ 
ramics  was  compared  with  that  calculated  on  the  base  of  the  hy¬ 
drostatic  weighting  method  in  kerosene.  Both  sets  of  data  were 
shown  to  be  in  excellent  agreement.  The  relative  density  was 
found  to  be  more  than  94%  for  BCZY0-BCZY0.6,  about  88%  for 
BCZY0.7  and  90%  for  BCZY0.8.  The  morphology  of  the  sintered 
samples  was  investigated  by  scanning  electron  microscopy  (SEM, 
JSM-5900  LV). 
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2.3.  Chemical  stability  and  electrical  properties 

For  the  evaluation  of  the  thermodynamic  stability  at  elevated 
temperatures  and  under  H2O,  the  BCZYx  ceramic  samples,  already 
placed  inside  a  quartz  tube,  were  exposed  to  air  (at  700  °C  for  10  h), 
previously  passed  through  the  boiling  water.  In  order  to  investigate 
the  chemical  stability  of  the  BCZYx  ceramic  samples  in  a  CO2- 
containing  atmosphere,  the  second  set  of  samples  were  also  placed 
inside  a  quartz  tube  and  then  exposed  to  pure  CO2  at  700  °C  for 
10  h.  Furthermore,  the  third  set  of  BCZYx  ceramic  samples  were 
treated  by  H2S  (10  vol.%  in  Ar,  700  °C,  10  h)  which  is  a  impurity 
component  of  a  fossil  fuel.  After  H20,  C02  or  H2S  exposures,  the 
phase  structure  of  each  treated  sample  was  investigated  by  XRD. 
The  conductivity  of  the  optimal  sample  was  investigated  by  a 
standard  four  probe  dc-method  utilizing  the  microprocessor  sys¬ 
tem  ZIRCONIA-318  at  500-900  °C  at  the  different  atmospheres  (dry 
air,  wet  air,  dry  hydrogen  and  wet  hydrogen)  and  between 
10~2°-0.21  atm  of  oxygen  partial  pressures  (p02)  at  different 
temperatures.  Moreover,  the  conductivity  response  of  the  optimal 
sample  before  and  after  treatments  was  analyzed.  The  dry  and  wet 
conditions  were  created  by  gas  pumping  through  calcined  zeolite 
(the  residual  steam  partial  pressure  is  equal  approximately 
0.001  atm)  and  the  bubbler  at  25  °C  (the  water  partial  pressure  is 
equal  approximately  0.03  atm),  respectively. 

3.  Results  and  discussion 

3.1.  Phase  structure  of  synthesized  materials 

All  the  sintered  BCZYx  ceramics  were  identified  by  using  XRD 
analysis.  The  obtained  materials  were  consisted  by  a  single-phase 
perovskite-type  structure  indicating  the  formation  of  solid  solu¬ 
tions  over  the  entire  investigated  range  of  x  (Fig.  1).  Flowever, 
conflicting  definitions  in  literature  about  the  crystal  structure  of  the 
same  materials  (i.e.  BaCe0.8-xZrxY0.2O3_§)  were  found.  This  might 
be  because  several  factors  are  known  to  affect  the  phase  equilib¬ 
rium,  such  as  the  preparation  methods,  the  temperature  regimes  of 
calcination/sintering,  the  concentration  of  uncontrolled  impurities 
in  the  initial  precursors,  and  even  the  moisture  of  ambient  atmo¬ 
spheres.  For  example,  Fabbri  et  al.  [22]  reported  the  monoclinic 
structure  for  Zr-free  barium  cerate  (x  =  0),  whereas  the  cubic  one 
was  detected  for  x  =  0.3,  0.5  and  0.8.  The  work  of  Guo  et  al.  [23] 
showed  that  the  lattice  symmetry  for  the  samples  with  x  =  0, 
0.1  <  x  <  0.5  and  0.6  <  x  <  0.8  can  be  indexed  as  monoclinic, 
orthorhombic  and  cubic,  respectively.  Sawant  et  al.  24]  found  the 
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Fig.  1.  XRD  patterns  of  fresh  BCZYx  ceramics. 


orthorhombic  structure  for  x  =  0  and  the  cubic  one  for  x  >  0.2.  The 
results  of  Tu  et  al.  [25]  demonstrated  the  formation  of  the  rhom- 
bohedral  phase  with  a  small  impurity  of  the  monoclinic  one  for 
0  <  x  <  0.3  and  the  pure  cubic  perovskite  for  0.4  <  x  <  0.8.  Han  et  al. 

[26]  revealed  that  BaCeo.sYo.203-5  (x  =  0)  is  characterized  by  the 
rhombohedral  and  monoclinic  structures  at  room  temperature  in 
dry  and  wet  oxygen,  respectively. 

In  the  present  work,  at  low  concentration  of  zirconium  (BCZY0, 
BCZY0.1  and  BCZY0.2)  the  perovskite  structure  was  found  to  be 
orthorhombic  (space  group  Pmcn),  whereas  the  crystal  structure  of 
BCZY0.3  was  identified  as  a  rhombohedrally  distorted  perovskite 
(space  group  R3  C);  finally,  for  BCZY0.4-BCZY0.8  ceramics  the  cu¬ 
bic  perovskite  (space  group  Pm3  m)  was  realized.  An  increase  in  the 
crystal  symmetry  in  a  BCZYx  system  is  closely  associated  with  an 
increase  in  the  tolerance  factor  (t)  from  0.935  for  BaCeo.sYo.203-5  to 
0.987  for  BaZro.8Yo.203_5  (Table  1)  and  a  decrease  in  both  the 
Ce(Zr)-0  length  bond  and  Ce(Zr)-0-Ce(Zr)  octahedrons  tilting 

[27] .  Moreover,  substitution  of  Ce4+  by  Zr4+  leads  to  a  decrease  in 
the  unit  cell  parameters  (which  were  compared  with  each  other  in 
a  pseudocubic  system,  Table  1 )  due  to  the  size  factor 
(Zr4^  =  0.72  A,  Ce4|  =  0.87  A)  [28].  This  tendency  can  be  clearly 
seen  in  Fig.  1  from  the  viewpoint  of  a  slight  shift  of  the  reflection 
lines  toward  higher  angles  with  increasing  x.  It  is  worth  noting  that 
no  Cu-  or  Co-extra  reflexes  were  observed  on  the  XRD  patterns 
showing  possible  dissolution  of  3d-elements  in  the  cationic  sub¬ 
lattice  of  a  perovskite.  However,  it  seems  that  the  small  concen¬ 
tration  of  3d-transition  elements  should  not  play  an  essential  role 
in  changing  crystal  parameters. 

3.2.  Phase  stability 

The  Ce4+  by  Zr4+  substitution  in  the  BaCei_xZrx03-based  sys¬ 
tems  is  required  in  order  to  enhance  the  thermodynamic  stability  of 
the  materials  in  the  presence  of  salt-forming  (CO2,  SO2,  H2S)  and 
hydroxide-forming  (H2O)  gas  components.  The  barium  cerate  ox¬ 
ides  unmodified  by  stabilizing  dopants  decompose  to  a  Ce02  solid 
solution  and  corresponding  hydroxide  or  salts  of  barium  (carbon¬ 
ate,  sulfite  and  sulfide). 

When  BCZYx  ceramics  were  treated  by  H2O  at  700  °C  for  10  h,  no 
Ce02  and  Ba(OH)2  impurities  were  found  by  XRD  analysis  per¬ 
formed  after  water  exposures  (this  data  not  shown).  Moreover,  the 
perovskite  phase  remains  chemically  stable  even  for  BCZY0,  con¬ 
firming  the  tolerance  of  this  oxide  to  the  conditions  used.  According 
to  literature  [29,30  ,  at  temperature  values  higher  than  400  °C  the 
stability  of  BaCe03-based  ceramics  is  satisfactory,  whereas  for  low 
temperature  range  the  perovskite  materials  fully  or  partially 
decompose,  particularly  in  boiling  water  [18,31,32]. 

The  chemical  nature  of  BCZYx  significantly  changes  in  CO2- 
containing  gas  atmospheres.  The  reaction  between  ceramic  sam¬ 
ples  and  C02  is  registered  by  XRD  analysis  for  low  value  of  x, 


Table  1 

Crystal  parameters  of  fresh  BCZYx  sintered  at  1450  °C  for  5  h. 


X 

Space 

Unit  cell  parameters 

l^pseudocubic 

(A3) 

t 

group 

a  (A) 

b  (A) 

c(A) 

0 

Pmcn 

8.7667 

6.2427 

6.2317 

85.26 

0.935 

0.1 

Pmcn 

8.7235 

6.2078 

6.1878 

83.77 

0.941 

0.2 

Pmcn 

8.6821 

6.1705 

6.1523 

82.40 

0.948 

0.3 

R3  C 

6.1440 

15.0061 

81.76 

0.954 

0.4 

Pm3  m 

4.3018 

79.61 

0.960 

0.5 

Pm3  m 

4.2854 

78.70 

0.967 

0.6 

Pm3  m 

4.2531 

76.93 

0.974 

0.7 

Pm3  m 

4.2249 

75.41 

0.980 

0.8 

Pm3  m 

4.2052 

74.36 

0.987 
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Fig.  2.  XRD  patterns  of  treated  BCZYx  ceramics  after  CO2  exposure  at  700  °C  for  10  h. 
Key:  O  -  Ce02-like  phase,  •  -  BaC03. 


whereas  other  materials  are  stable  (Fig.  2).  It  is  commonly  known 
that  the  introduction  of  Zr4+  improves  the  thermodynamic  stability 
of  BaCe03-based  materials  due  to  the  reduction  of  the  M-0  bond 
strength,  with  a  corresponding  change  of  the  oxide  properties  from 
basic  to  acidic  [8  .  At  the  same  time,  the  tolerance  factor  (Table  1) 
can  also  cause  an  increase  in  the  materials  stability.  Our  results  are 
in  an  excellent  agreement  with  the  literature  data  (see  work  [33] 
and  Table  13  in  Ref.  [8]),  which  show  that  the  chemical  in¬ 
teractions  on  the  XRD  patterns  are  suppressed  just  at  x  not  less  than 
30  mol.%  in  B-position  of  ABO3  perovskite  because  no  formation  of 
BaC03  and  Ce02  solid  solution  was  observed  for  these  samples. 

Finally,  the  phase  stability  of  BCZYx  was  also  studied  under  H2S- 
treatment  (Fig.  3).  The  significant  interaction  between  the  Ce-rich 
materials  is  observed  to  result  in  the  formation  of  oxide,  sulfide 
and  oxysulfide  compounds.  The  XRD  data  demonstrates  that  the 
intensity  of  impurity  reflexes  decreases  with  a  gradual  growth  of  x 
and  is  insignificant  for  x  >  0.4.  In  addition,  the  sulfidation  was 
visually  observed,  because  the  dense  ceramic  samples  with  x  =  0 
and  0.1  crumbled  to  the  powders  during  the  high  temperature  H2S- 
exposure  (as  opposed  to  H20-  and  C02-exposures),  whereas  the 
materials  retain  their  integrity  at  higher  zirconium  concentrations. 
This  fact  indicates  that  the  sulfidation  front  is  not  limited  by  the 
surface  and  penetrates  into  the  ceramics  volume  with  the  forma¬ 
tion  of  the  S-containing  phases,  which  cause  the  samples 
destruction.  It  should  be  noted  that  the  XRD  pattern  of  treated 
BCZY0.2  illustrates  the  formation  of  perovskite  structure  with  an 
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Fig.  3.  XRD  patterns  of  treated  BCZYx  ceramics  after  10%  H2S/Ar  exposure  at  700  °C  for 
10  h.  Key:  •  -  BaS,  O  -  Y202S,  ■  -  Ce202S,  ▼  -  Ce02-like  phase,  0  -  unidentified 
phase(s). 


impurity  phase  on  the  base  of  Ce02;  therewith  peak  broadening 
indicates  on  the  amorphization  of  this  sample.  Therefore,  H2S  must 
be  considered  as  a  more  aggressive  component  for  BCZYx  than  H2O 
and  CO2. 

As  shown  in  Fig.  3,  the  chemical  interaction  between  the 
BaCe03-BaZr03-based  perovskites  and  H2S  has  a  more  compli¬ 
cated  character  than  in  the  case  of  H2O-  and  C02-treatments.  The 
decomposition  of  Ce-rich  BCZYx  samples  is  followed  by  the  for¬ 
mation  of  both  barium  sulfide,  a  (Ce,  Zr)02-like  phase: 

BaCe0.8-xZrxYo.2()3-5  +  H2S  — ►  BaS  +  Ce0.8-xZrxYo.203-5:  (4) 

and  cerium  and  yttrium  oxysulfides,  as  schematically  shown 
below: 

2Ce02  +  H2si^Ce202S  +  H20,  (5) 

Y203  +H2S->Y202S  +  H20.  (6) 

To  estimate  the  effect  of  different  treatments  on  the  crystal 
structure  of  stable  BCZY0.3-BCZY0.8  materials,  the  XRD  analysis  of 
H2O-,  CO2-  and  Fl2S-treated  samples  is  carried  out.  In  Fig.  4  one  can 
notice  the  slightly  distinguishable  changes  in  the  cubic  cell 
parameter  of  the  treated  samples  in  comparison  with  the  fresh 
ones.  The  maximal  deviation  of  the  unit  cell  parameters,  obtained 
before  and  after  the  stability  experiments,  is  equal  to  about  0.22% 
for  the  BCZY0.8  sample. 

Although,  the  XRD  data  shows  that  the  C02-treatment  results  in 
the  maintenance  of  a  single-phase  material  for  BCZY0.3,  from  the 
SEM  micrographs  (Fig.  5b)  no  any  visible  change  in  the  grain 
boundary  microstructure  (respectively  the  basic  sample,  Fig.  5a) 
can  be  seen;  however,  small  amounts  of  impurity  phase(s)  with  size 
of  100-400  nm  localized  at  the  grain  surface  can  be  distinguished. 
Electron  microprobe  analysis  confirms  the  increased  carbon  con¬ 
centration  in  the  nanoscale  sediments.  A  significant  change  in  the 
microstructure  of  BCZY0.3  ceramic  after  F^S-treatment  (Fig.  5c) 
was  observed,  because  of  the  presence  of  additional  impurity  re¬ 
flexes  with  low  intensity  on  the  XRD  pattern.  The  size  of  these 
sediments  is  the  same  as  in  the  previous  case;  however  their 
number  is  considerably  higher.  Thereby,  according  to  the  XRD  data 
coupled  with  SEM  results,  the  stability  range  of  BCZYx  system  is 
equal  0.3  <  x  <  0.8  in  the  case  of  CO2  exposure  and  narrows  to 
0.4  <  x  <  0.8  in  the  case  of  high  H2S  concentration.  Considering  that 
the  concentration  of  hydrogen  sulfide  in  fossil  fuels  is  at  the  level  of 
some  ppm,  we  can  assume  that  the  sample  with  x  =  0.3  also  has  an 
acceptable  phase  stability  at  lower  F^S-concentration.  This 
assumption  is  confirmed  by  other  investigations.  For  example,  Yang 


4,34  n 

■Before  expositions 
♦After  water  vapour  exposition 

£ 

mss 

4,30  - 

f 

A  After  carbon  dioxide  exposition 

.  4,26  - 

a 

m  O  After  hydrogen  sulfide  exposition 

4,22  - 

1 

1 

4,18  - 

- 1 - 

<, 

— 1 - 1 - 1 - 

0,3 


0,4 


0,5  0,6 

x  in  BCZYx 


0,7 


0,8 


Fig.  4.  The  concentration  dependences  of  cubic  unit  cell  parameters  of  fresh  and 
treated  BCZYx  ceramics. 
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Fig.  5.  The  microstructure  of  fresh  (a),  C02-treated  (b)  and  H2S-treated  (c)  BCZY0.3 
ceramics. 

et  al.  stated  the  excellent  stability  of  BaCeo.7Zro.iYo.iYbo.i03_5 
electrolyte  to  sulfur  poisoning  (20-50  ppm  of  H2S)  even  for  lower 
zirconium  concentration  in  BaCe03  [34  . 

For  understanding  of  the  fact  of  impurity  phase  formation,  the 
thermodynamic  calculations  were  carried  out  for  the  reactions 
(l)-(3)  in  the  case  of  simplified  oxides  (BaCei_xZrx03,  where 
x  =  0,  0.3  and  1).  The  standard  Gibbs  free  energy  change  (AG?)  was 


Table  2 

Thermodynamic  properties  of  the  substances. 


Substance 

AfH°(kJ  mol  1) 

S°  (J  mol"1  K 1) 

Ref. 

BaCe03(S) 

-1690.0 

144.5 

[35] 

BaZr03(s) 

-1775.6 

124.62 

[36] 

H20(g) 

-241.9 

188.8 

[37] 

C°2(g) 

-393.51 

213.79 

[37] 

H2S(g) 

-20.6 

205.8 

[37] 

Ce02(S) 

-1089.4 

62.3 

[37] 

Zr02(S) 

-1100.6 

50.36 

[37] 

Ba(OH)2(S) 

-944.7 

107.0 

[37] 

BaC03(S) 

-1213.0 

112.1 

[37] 

BaS(S) 

-460.0 

78.2 

[37] 

computed  on  the  base  of  the  thermodynamic  properties  of  parties 
of  reactions  ( Table  2)  [35-37  .  The  Gibbs  free  energy  change  (AGj) 
was  found  as  follows: 

AGT)(i_ 3)  =  AG?(!_3)  +  RTlnI<i_3,  (7) 

where  R  is  the  universal  gas  constant,  T  is  the  absolute  temperature, 
I<i_3  are  the  equilibrium  constants  of  reactions  (1)— (3).  For  the 
calculations,  the  following  assumptions  were  taken  into  account:  i) 
PH2O  =  PCO2  =  1  atm,  PH2S  =  0.1  atm;  ii)  the  Gibbs  free  energy 
change  for  cerate-zirconate  oxide  was  equal  the  partial  sum  of  ones 
for  BaCe03  and  BaZr03;  iii)  in  the  case  of  eq.  (3)  water  forms  in  the 
right  part  of  the  reaction,  the  equilibrium  partial  pressure  of  which 
was  assumed  approximately  close  to  0.01  atm. 

Fig.  6  shows  the  temperature  dependences  of  Gibbs  free  energy 
change  corresponding  to  hydration,  carbonization  and  sulfidation 
processes  of  BaCeC>3,  BaZrC>3  and  mixed  cerate-zirconate  oxide. 

As  mentioned  above,  the  thermodynamic  stability  of  investi¬ 
gated  perovskite  materials  against  H2O  can  be  considered  as 
satisfactory  in  the  intermediate-  and  high-temperature  ranges  due 
to  the  positive  value  ofAGT>i.  Indeed,  the  formation  of  barium  hy¬ 
droxide  and  Ce02-like  phase  is  thermodynamically  possible  just  at 
temperatures  not  more  than  400  °C  (Fig.  6a).  The  experimental  data 
of  Haile  et  al.  29  ,  Wu  et  al.  30]  and  Matsumoto  et  al.  38]  confirm 
these  theoretical  computations. 

The  Gibbs  free  energy  change  of  carbonization  (AGt,2)  riches  the 
positive  values  at  -950,  800  and  550  °C  in  the  case  of  x  =  0,  0.3  and 
1,  respectively,  and  grow  with  following  increasing  temperature 
(Fig.  6b).  Thereby,  theoretical  calculations  do  not  ban  the  possibility 
of  formation  of  secondary  phases  in  BCZY0.3  sample  at  700  °C. 
However,  the  good  phase  and  microstructure  stability  of  this  ma¬ 
terial,  probably,  is  the  cause  of  the  kinetic  difficulties  or  structure 
features.  Indeed,  there  are  data  showing  the  tolerance  properties  of 
BaCe03-BaZr03  ceramic  samples  against  CO2  even  for  lower  con¬ 
centration  of  zirconium.  For  example,  in  above  mentioned  work  of 
Yang  et  al.  [34]  BaCeo.7Zro.iYo.iYbo.i03_§  material  with  10  mol.%  of 
Zr  is  stable  in  50  vol.%H2  +  50  vol.%  CO2  atmosphere  at  750  °C 
during  a  very  long  period  of  time  (300  h);  Okiba  et  al.  [39]  pointed 
the  maintenance  of  BaCe0.9-xZrxYo.i03_§  perovskites  after  treat¬ 
ment  in  pure  CO2  (900  °C,  3  h)  at  content  of  zirconium  not  less  than 
20  mol.%;  the  study  of  Lee  et  al.  [40]  shows  that  in  the 
Bao.6Sro.4Ceo.8-xZrxYo.i03_5  system  the  materials  are  characterized 
by  enhanced  stability  in  pure  CO2  (600  °C,  12  h)  in  the  range  of 
0.2  <  x  <  0.8.  Such  results  can  be  attributed  to  the  fact  that  the 
perovskite  decomposition  and  impurity  phase  formation  are 
controlled  by  kinetic  factors  rather  than  thermodynamic  ones. 

Experimentally  the  latter  statement  was  confirmed  by  Okiba 
et  al.  [39].  More  precisely,  they  have  investigated  the  stability  of 
BaCeo.9-xZrxYo.i03_5  materials  in  the  viewpoint  of  kinetic  aspects. 
The  authors  found  that  the  increase  in  zirconium  content  from  0  to 
20  mol.%  promotes  the  increase  in  kinetic  stability  due  to  the 
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Fig.  6.  Temperature  dependences  of  Gibbs  free  energy  change  of  reaction  of 
BaCei_xZrx03  with  H2O  (a),  CO2  (b)  and  H2S  (c).  The  thermodynamic  calculations  be¬ 
tween  BaCe03  and  H2O  (dotted  line  1)  or  CO2  (dotted  line  2)  were  performed  by 
Matsumoto  et  al.  38]  and  presented  for  comparison. 


decrease  in  apparent  rate  constant  of  carbonization  reaction  by 
order  of  magnitude.  Guo  et  al.  [23]  using  BET  analysis  revealed  that 
after  C02-treatment  of  the  BaCeo.8-xZrxYo.203_§  powders  (650  °C, 
2  h)  the  carbonate  formation  rate  also  decreases  by  order  of 
magnitude  (from  7.50  10-6  to  0.87  10-6  mol  nrT2  min-1)  with  in¬ 
crease  of  x  from  0  to  0.4  and  by  two  orders  of  magnitude  with 
transition  from  cerate  to  zirconate. 

Moreover,  there  is  another  reason,  explaining  the  inconsistency 
between  theoretical  and  experimental  data.  As  was  noted  in  part  3.1, 
in  the  BaCeo.8-xZrxYo.203_§  system  the  materials  with  a  particular 
value  of  zirconium  concentration  can  be  indexed  in  different 
structures,  which  are  function  of  many  controlled  and  uncontrolled 
factors.  Perovskite  structures  with  higher  symmetry  are  character¬ 
ized  by  better  stability  than  low  symmetry  structures,  which  follows 
from  the  concept  of  Goldschmidt  tolerance  factor.  Therefore,  in  the 
work  of  Fabbri  et  al.  [22]  and  Guo  et  al.  [23]  the  stability  of  BCZYx 
materials  is  achieved  at  high  x  values,  because  of  the  fact  that  these 
materials  have  the  cubic  structures.  In  contrast,  according  to  data  of 


Sawant  et  al.  [24  and  Lee  et  al.  [40],  the  cubic  perovskite  syngony  in 
BaCe0.8-xZrxY0.2O3-5  and  Ba0.6Sro.4Ceo.8-xZrxYo.i03_§  systems  is 
achieved  at  x  >  0.2  that  results  in  their  acceptable  stability,  despite 
the  thermodynamic  predictions. 

In  the  case  of  H2S  treatment  the  values  of  AGt3  are  negative 
irrespective  of  materials  composition  (Fig.  6c)  and  weekly  depen¬ 
dent  on  temperature  for  account  of  entropy  factor.  However  the 
Gibbs  free  energy  change  of  reaction  (3)  tends  to  null  with 
increasing  zirconium  content.  Therefore,  the  phase  stability  of 
BCZYx  materials  after  H2S  exposure  must  be  significantly  increased 
with  increasing  x.  It  should  be  noted  that  our  results  of  calculations 
are  in  a  good  agreement  with  those  reported  in  literature  [41-43], 
which  demonstrate  a  rather  simple  formation  of  the  impurity 
phases  for  the  BaCe03-based  systems  and  tolerant  properties  of  the 
Zr-substituted  barium  cerate  materials,  as  well  as  the  possibility  of 
oxysulfide  formation  under  treatment  of  Ce-containing  materials  in 
H2S  atmosphere.  At  the  same  time,  concerning  the  stability  of 
zirconates  or  Zr-substituted  cerates,  the  thermodynamic  calcula¬ 
tions  are  not  in  agreement  with  results  obtained  by  using  of  XRD 
and/or  TG  methods.  Despite  the  negative  value  of  AGt3,  these 
materials  practically  are  rather  stable,  as  show  our  experiment  and 
data  reported  in  literature  [34,41,44,45  .  This  “contradiction”  can  be 
explained  on  the  basis  of  kinetic  aspects  or  structure  features,  as 
above  mentioned. 

3.3.  Electrical  conductivity 

Results  in  a  several  number  of  investigations  have  demonstrated 
that  both  acceptable  electrical  conductivity  and  reasonable  phase 
stability  can  be  achieved  for  cerate-zirconate  ceramic  materials  at 
close  concentration  of  cerium  and  zirconium  1,6-8].  From  this 
viewpoint,  the  BCZY0.3  sample  was  chosen  in  the  present  investi¬ 
gation  for  electrical  characterization. 

Before  direct  conductivity  measurements  of  selected  sample,  we 
investigated  its  electrical  response  in  dry  air  atmosphere  to  the 
exposures  used  (Fig.  7).  As  it  can  be  seen,  the  electrical  conductivity 
of  BCZY0.3  exhibits  a  similar  behavior  with  the  tendency  observed 
in  Fig.  4.  The  weak  deviations  of  the  conductivity  values  of  the 
treated  samples  in  the  high-temperature  region,  in  comparison 
with  the  fresh  one,  indicate  that  no  considerable  changes  of 
ceramic  volume  (and  conductivity  connected  with  it)  were 
occurred  after  10  h  of  exposure;  regardless  the  presence  of  impurity 
phases  determined  by  XRD  and  SEM  methods  after  C02  and  H2S 
treatments.  However,  the  slight  increase  in  conductivity  of  treated 
BCZY0.3  sample  was  unexpectedly  observed  in  the  case  of  low 
temperature  interval.  The  reasons  resulting  in  such  fact  remain 
unclear  yet. 
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Fig.  7.  The  conductivity  of  fresh  and  treated  BCZY0.3  ceramic  samples  in  dry  air 
atmosphere. 
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In  Fig.  8a  the  effect  of  temperature  on  the  electrical  conductivity 
of  fresh  BCZY0.3  ceramic  is  different.  Firstly,  it  should  be  noted  that 
in  the  high  temperature  interval  the  conductivity  of  the  sample  is 
higher  in  oxidizing  atmosphere  than  that  in  reducing  one.  These 
differences  can  be  explained  by  p02  influence  because  of  the  mixed 
ionic-hole  conductivity  at  the  high  oxygen  partial  pressure  range 
and  purely  ionic  transport  at  the  low  oxygen  partial  pressure  range. 
The  data  of  Fig.  8b  clearly  illustrates  such  behavior.  The  differences 
between  air  and  hydrogen  atmospheres  increase  as  the  tempera¬ 
ture  increases  due  to  the  corresponding  increase  of  the  hole 
contribution  of  total  conductivity.  Secondly,  the  steam  partial 
pressure  also  strongly  affects  the  ceramic  conductivity,  because  of 
the  change  in  protonic  and  oxygen-ionic  contributions  of  total 
conductivity  according  to  the  well-known  equation  of  proton  de¬ 
fects  formation  (H20  +  Oq  +  Vq  <^>20Hq).  In  the  case  of  dry  atmo¬ 
spheres  the  ionic  transport  of  materials  is  determined  by  the 
moving  oxygen  vacancies,  whereas  in  the  steam  presence  the 
protonic  transport  becomes  the  dominant  part  of  total  conductivity, 
particularly  for  low  temperature  range. 

In  order  to  confirm  the  above  mentioned  conclusions,  for  each 
case  the  apparent  activation  energy  (Ea)  in  the  logoT  vs.  1000/T 
coordinates  was  calculated.  As  it  can  be  distinguished  in  Fig.  8a,  in 
the  investigated  temperature  range  the  obtained  dependences  are 
non-linear.  For  this  reason  the  Ea  calculation  was  carried  out  for 
both  low-  (500-700  °C)  and  high-  (700-900  °C)  temperature 
intervals. 

It  is  clearly  seen  that  in  the  case  of  air  atmosphere  the  Ea  value  is 
lower  for  the  wet  condition  than  that  for  the  dry  one.  This  is  directly 
related  with  the  formation  of  proton  defects  and,  correspondingly, 
the  occurrence  of  proton  conductivity,  for  which  apparent  activa¬ 
tion  energy  is  usually  lower  than  for  oxygen-ionic  conductivity 
[46,47].  Moreover  the  absolute  value  of  £a  increases  with  a 


transition  from  the  low  temperature  interval  to  high  temperature 
one.  This  tendency  can  be  explained  by  prevalent  contribution  of 
the  hole  conductivity  in  the  oxidizing  atmosphere  when  temper¬ 
ature  increases,  because  of  the  £a  for  hole  conductivity  as  a  rule  is 
higher  than  that  for  oxygen-ionic  one  [46-49]. 

As  it  can  also  be  seen  in  Fig.  8a,  the  £a  values  of  total  conductivity 
are  significantly  lower  in  the  reducing  atmospheres  compared  with 
those  in  the  oxidizing  ones,  because  no  electronic  conductivity  (n- 
or  p-type)  was  observed  for  dry  or  wet  hydrogen  50,51]. 

In  the  case  of  reducing  atmosphere,  £a  values  are  again  lower  in 
the  presence  of  water  vapor  and  increase  with  increasing  temper¬ 
ature.  As  is  well-known  the  transport  nature  of  such  protonic 
electrolytes  in  the  reducing  conditions  is  determined  both  oxygen- 
ionic  and  protonic  conductivities.  At  the  same  time,  the  contribu¬ 
tion  of  protonic  one  decreases  with  temperature  growth  (see  for 
example  [46,52,53])  because  of  the  exothermic  nature  of  the  proton 
defects  formation  reaction  [1,3,4]. 

In  ~able  3  are  reported  the  conductivity  values  of  BCZY0.3  in 
comparison  with  the  data  of  related  cerate-zirconate  ceramics, 
contained  30  mol.%  of  Zr  in  the  Ce-position  of  BaCe03  perovskite.  It 
can  be  seen  that  our  results  are  relatively  lower  than  that  for 
BaCeo.5Zro.3Yo.203_5  and  BaCeo.6Zro.3Yo.i03_§,  however,  higher  in 
respect  to  Sm-,  Nd-  and  Er-doped  analogs.  Moreover,  the  listed  data 
confirms  the  enhanced  transport  of  proton-conducting  materials  in 
the  wet  conditions  regardless  the  type  of  atmosphere. 

The  enhanced  tolerance  properties  and  comparison  of  conduc¬ 
tivity  values  of  fresh  BCZY0.3  ceramic  sample  with  literature  data 
concerning  BaCe03-BaZr03  systems  allows  us  to  consider  this 
material  as  a  perspective  protonic  (co-ionic)  electrolyte  for  SOFC 
applications,  which  besides  can  be  formed  in  the  dense  ceramic  at 
relatively  low  sintering  temperature. 

4.  Conclusion 
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Fig.  8.  The  conductivity  of  fresh  BCZY0.3  ceramic  sample  as  a  function  of  temperature 
in  different  atmospheres  (a)  and  oxygen  partial  pressure  at  different  temperatures  (b). 


The  single-phase  ceramic  samples  of  BaCeo.s-xZrxYo.203_5  +  1 
wt.%  CuO  or  C03O4  (BCZYx)  were  obtained  by  the  modified  citrate- 
nitrate  synthesis  method.  The  Zr  effect  and  type  of  treatment  (H20, 
CO2  and  H2S/Ar  at  700  °C  for  10  h)  on  the  phase  structure,  unit  cell 
parameters  and  microstructure  were  investigated.  Fresh  ceramics  is 
found  to  be  single-phased  in  the  whole  range  of  x.  However,  BCZYx 
materials  exhibited  a  different  perovskite  structure  with  the 
orthorhombic,  rhombohedral  and  cubic  syngony  for  0  <  x  <  0.2, 
x  =  0.3  and  0.4  <  x  <  0.8,  respectively. 


Table  3 

The  conductivity  value  of  fresh  BCZY0.3  and  related  materials  contained  30  mol.%  of 
Zr  in  the  Ce-position  of  perovskite  BaCe03  at  600  °C. 


Material 

Conditions 

a  (mS  cm 

Ref. 

BaCeo.5Zro.3Yo.203_5  +  1  wt.%  CuO 

Dry  air 

2.7 

This  work 

Wet  air 

4.0 

Dry  H2 

1.7 

Wet  H2 

3.8 

BaCeo.6Zro.3Yo.i  03_s 

Wet  air 

7.4 

[11] 

BaCe0.6Zr0.3Yo.i03_5  +  4  mol.%  ZnO 

Wet  air 

6.9 

BaCeo.55Zro.3Smo.i503-5 

Air 

1.6 

[19] 

Wet  H2 

3.0 

BaCeo.5Zro.3Yo.203_5 

Air 

4.6 

[22] 

Wet  H2 

7.8 

BaCeo.6Zro.3Ndo.i03_§ 

Dry  H2 

2.4 

[23] 

BaCeo.5Zro.3Yo.203_5 

Wet  H2 

8.6 

[33] 

BaCeo.5Zro.3Gdo.i5Pro.o503-8 

Air 

1.5 

[45] 

Wet  H2 

6.9 

BaCeo.6Zro.3Ndo.i03_§ 

Air 

1.6 

[54] 

BaCeo.55Zro.3Ero.i503_5 

Wet  H2 

0.9 

[55] 

BaCeo.6Zro.3Yo.i  03_s 

Wet  air 

7.1 

[56] 

Wet  H2 

8.8 

BaCe0.5Zr0.3Yo.203_5  +  4  mol.%  ZnO 

Wet  H2 

5.0 

[57] 
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The  decomposition  of  BCZYx  was  observed  at  x  <  0.2  when 
treated  with  CO2  and  H2S;  however  no  degradation  was  noted  in 
the  case  of  water  vapor  exposure.  For  the  ceramic  sample  with 
x  =  0.3  (BCZY0.3)  the  perovskite  structure  was  maintained  in  the 
case  of  CO2-  and  F^S-exposures  with  the  formation  of  small 
amount  of  impurity  phases.  A  high  density  with  close-packed  and 
well-developed  grains  is  achieved  for  BCZY0.3  ceramic.  At  the  same 
time,  for  CO2-  and  F^S-treaded  BCZY0.3  samples  nanostructure 
impurity  sediments  localized  on  grain  surface  are  observed.  The 
analysis  of  crystal  structure  and  transport  characteristics  of  the 
treated  BCZY0.3  samples  showed  a  weak  deviation  of  the  unit  cell 
parameters  and  no  degradation  in  electrical  conductivity. 

The  thermodynamic  calculation  of  hydration,  carbonization  and 
sulfidation  processes  demonstrated  that  with  x  increasing  in 
BaCei_xZrx03  system  the  stability  of  materials  significantly  in¬ 
creases  against  H2O,  CO2  and  H2S.  In  the  case  of  H2O  treatment,  the 
Gibbs  free  energy  change  values  of  reaction  between  barium  cerate 
and  water  vapor  are  positive  at  temperatures  higher  than  400  °C. 
Under  CO2  exposure,  the  carbonization  of  BaCeCU  suppress  just  at 
temperatures  not  lower  than  950  °C,  whereas  BaZrCU  is  stable  at 
wide  range  of  working  temperatures  (550-1000  °C).  Hydrogen 
sulfide  theoretically  has  a  dramatically  effect  because  of  negative 
value  of  Gibbs  free  energy  change  for  both  BaCeCU  and  BaZrCU 
oxides  between  20  and  1000  °C.  However,  practically  zirconate  and 
Zr-substituted  BaCeCU  materials  are  considered  as  rather  stable. 
The  analysis  of  literature  results  allows  us  to  identify  the  reasons  of 
significant  differences  in  the  data  concerning  thermodynamic  sta¬ 
bility  of  BaCe03-BaZr03-based  materials  and  firstly  propose 
possible  explanations,  including  kinetic  or  structure  features. 

The  electrical  conductivity  of  fresh  BCZY0.3  was  found  to  be 
increased  with  the  growth  of  both  the  water  vapor  partial  pressure 
due  to  increase  of  proton  conductivity  and  the  oxygen  partial 
pressure  due  to  increase  of  hole  conductivity.  For  example,  the 
fresh  BCZY0.3  exhibits  conductivity  of  2.7,  4.0, 1.7  and  3.8  mS  cm-1 
at  600  °C  in  dry  air,  wet  air,  hydrogen  and  wet  hydrogen  atmo¬ 
spheres,  respectively.  The  analysis  of  energy  activation  values  of 
electrical  conductivity  confirms  the  ionic  character  of  transport 
properties  in  reducing  atmospheres  and  the  mixed  ionic-electronic 
one  in  oxidizing  conditions. 

On  the  basis  of  phase  stability  results,  transport  characteristics 
compared  with  literature  data,  it  can  be  considered  such  BCZY0.3 
material  as  a  perspective  electrolyte  for  SOFC  applications. 
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